The resistivity change due to electron spin resonance (ESR) absorption is investigated in a highmobility two-dimensional electron system formed in a Si/SiGe heterostructure. Results for a specific Landau level configuration demonstrate that the primary cause of the ESR signal is a reduction of the spin polarization, not the effect of electron heating. The longitudinal spin relaxation time T1 is obtained to be of the order of 1 ms in an in-plane magnetic field of 3.55 T. The suppression of the effect of the Rashba fields due to high-frequency spin precession explains the very long T1. 73.21.Fg, 72.25.Rb, Electron spin in semiconductor devices has recently attracted much attention in the context of the quantum computation and spintronics application [1] . Electron spin resonance (ESR) is a promising technique to manipulate spins directly, and electrical detection via a change in resistivity is preferable for the read out of the local spin states. However, the origin of the resistivity change due to ESR absorption has not been established. In previous works performed on GaAs two-dimensional electron systems (2DESs) in high magnetic fields [2, 3, 4, 5] , the sign of the change ∆ρ xx in longitudinal resistivity ρ xx was found to be the same as that of the derivative of ρ xx with respect to temperature T and the effect of electron heating has not been excluded.
Electron spin in semiconductor devices has recently attracted much attention in the context of the quantum computation and spintronics application [1] . Electron spin resonance (ESR) is a promising technique to manipulate spins directly, and electrical detection via a change in resistivity is preferable for the read out of the local spin states. However, the origin of the resistivity change due to ESR absorption has not been established. In previous works performed on GaAs two-dimensional electron systems (2DESs) in high magnetic fields [2, 3, 4, 5] , the sign of the change ∆ρ xx in longitudinal resistivity ρ xx was found to be the same as that of the derivative of ρ xx with respect to temperature T and the effect of electron heating has not been excluded.
For fabricating spintronics devices, silicon appears to be a very suitable host material. Addition to the compatibility with the fabrication technology of integrated circuits, it has the advantage of long electron spin relaxation times due to weak spin-orbit interactions and poor electron-nuclear spin (hyperfine) coupling. Recently, low magnetic field (≃ 0.3 T) ESR measurements have been performed in silicon 2DESs formed in Si/SiGe heterostructures [6, 7, 8, 9] . Both the longitudinal spin relaxation time T 1 and the transverse spin relaxation time T 2 were measured to be of the order of 1 µs and were discussed in terms of the D'yakonov-Perel' spin relaxation mechanism [10] due to the Rashba fields [11] .
In this Letter, we report electrically detected ESR measurements on a high-mobility silicon 2DES in a magnetic field of 3.55 T. Negative ∆ρ xx clearly observed for a specific Landau level (LL) configuration in a tilted magnetic field demonstrates that the ESR signal is mainly caused by a reduction of the spin polarization P , not by the electron heating effect. For a quantitative discussion, measurements were also performed in the magnetic field B applied parallel to the 2D plane. The T -dependence of the ESR signal is well reproduced with T -independent spin relaxation times. From the amplitude of the ESR signal, T 1 is estimated to be of the order of 1 ms whereas T 2 deduced from the linewidth is about 10 ns. The enhancement of T 1 is explained by the suppression of the effect of the Rashba fields due to high-frequency spin precession.
We used a heterostructure sample with a 20-nmthick strained Si channel sandwiched between relaxed Si 0.8 Ge 0.2 layers [12] . The 2D electron concentration N s can be controlled by varying the bias voltage of a p-type Si (001) substrate 2.1 µm below the channel. The 2DES has a high mobility of 48 m
(at the zero substrate bias voltage) and T = 0.31 K. Four-probe ac resistivity measurements (137 Hz) were performed for a 600 × 50 µm 2 Hall bar sample. The ESR signal ∆ρ xx was observed during the magnetic field sweep in the presence of 100 GHz millimeter wave radiation. The sample was mounted inside an oversized waveguide with an 8 mm bore inserted into a pumped 3 He refrigerator. While the angle of the 2D plane with respect to the magnetic field generated by a Helmholtz magnet can be controlled by rotating the sample, the direction of the source-drain current was fixed perpendicular to that of the magnetic field.
We first discuss ESR in the quantum Hall systems where the electronic states and transport properties are well understood. In the previous measurements on GaAs 2DESs at ν = odd, positive ∆ρ xx due to ESR have been reported [2, 5] . Shown in Fig. 1(a) is a positive ESR signal also observed at ν = 2 in our silicon 2DES with the twofold valley degeneracy. In these measurements, the Zeeman splitting E Zeeman is smaller than the cyclotron gaphω c , where ω c is the cyclotron frequency. The chemical potential µ lies between the spin-up and spin-down LLs with the same orbital index n. Both electron heating and spin-flips directly induced by ESR increase the number of excited carriers in the LLs and thus lead to the positive ∆ρ xx .
To determine the mechanism of ∆ρ xx induced by ESR, we made a specific LL configuration by adjusting the angle of the 2D plane with respect to the magnetic field. The total strength B tot and the perpendicular component B ⊥ of the magnetic field are proportional to E Zeeman andhω c , respectively. separation between the LLs just above and below µ decreases with increasing E Zeeman at ν = 6 for this region of B tot /B ⊥ . We consider that µ lies between the spindown LL with n = 0 (LL(↓, 0)) and the spin-up LL with n = 2 (LL(↑, 2)) as illustrated in Fig. 3(a) .
In contrast to the ESR measurements for E Zeeman < hω c , we observed negative ∆ρ xx at ν = 6 for B tot /B ⊥ = 3.36 as shown in Fig. 1(b) . Since the T -dependence of ρ xx at the minimum is positive, electron heating cannot be the cause of the negative ESR signal. In order to explain it, we consider the relaxation process of photoexcited carriers as illustrated in Fig. 3(a) . Since the orbital index n does not change during the spin-flip, the photoexcitation occurs mainly from the filled LL(↑, 1) to the empty LL(↓, 1). Although photoexcited electrons in the LL(↓, 1) and holes in the LL(↑, 1) can increase ρ xx , they are expected to immediately relax to the LL(↓, 0) and the LL(↑, 2), respectively, due to electron-phonon interactions. Since the electron-lattice relaxation time τ e−l is much shorter than the longitudinal spin relaxation time T 1 as described later, the total number of carriers is reduced by the recombination of photoexcited carriers with thermally activated carriers. In this LL configuration, the sign of ∆ρ xx due to a reduction of the spin polarization P is negative.
In order to give a quantitative discussion, we now extend the study to the in-plane magnetic field configuration. It is well-known that silicon 2DESs show strong positive dependence of resistivity ρ on B [13] . Since B does not directly affect the 2D motion of carriers, the B -dependence of ρ is attributed to the spin polarization [14] . While there is no consensus on the mechanism of the increase in ρ with P [15, 16, 17, 18, 19, 20] , we here use ρ as a measure of P . The positive dependence of ρ on P for a given temperature can be empirically derived from the magnetoresistance curve in the absence of radiation since P is simply calculated as a function of B and T from the Fermi distribution of the 2DES [21] . Typical data for ρ vs B at low T in the present sample have been presented in Ref. [22] . The critical magnetic field B c for the full spin polarization at T = 0 is higher than B = 3.55 T at which the ESR measurements were performed.
The sign of the resistivity change ∆ρ due to ESR was found to be negative in the experimental range of T and N s . Electron heating cannot cause the negative ∆ρ because ∂ρ/∂T is positive [22] . The photoexcited electrons and holes are expected to relax their energy to the lattice immediately without spin relaxation, as in the specific LL configuration discussed above (see Fig. 3(b) ). From the relationship between the electron temperature and the Joule heating energy, τ e−l is deduced to be of the order of or less than 1 ns [23] . Under continuous wave excitation, the slow spin relaxation allows a downward (upward) shift of the chemical potential µ ↑ (µ ↓ ) for spinup (spin-down) electrons from the equilibrium chemical potential µ. This leads to the reduction of P and the negative ∆ρ while the origin of negative ∂ρ/∂P is not the same as that in the quantum Hall regime.
In Fig. 4 the peak value ∆ρ peak of the negative ESR signal is plotted against T at N s = 1.43 × 10 15 m −2
with a constant millimeter-wave output power. The amplitude of ∆ρ peak decreases with increasing T while the full width at half the maximum of the ESR signal has a T -independent value of 1.2 mT. Neglecting the resonant electron heating effect on ρ, ∆ρ is directly related to the change ∆P in P as ∆ρ = (∂ρ/∂P )∆P . The partial derivative ∂ρ/∂P can be evaluated from experimental data on ∂ρ/∂B in the absence of radiation [24] with calculated ∂P/∂B . The dashed line in Fig. 4 represents the calculation of ∆ρ peak assuming a T -independent value of ∆P/P = −0.08. The general agreement with the experimental data indicates that the T -dependence of ∆P/P at the peak is weak. The T -dependence of ∆ρ peak is attributed to decreases in ∂ρ/∂P and P with increasing T .
To obtain the spin relaxation times from ∆P/P , we use the solution of the Bloch equations for continuous wave radiation [25] . Substituting Eq. (2.90) into Eq. (2.86a) in Ref. [25] yields
where γ is the electron gyromagnetic ratio, B 1 is the amplitude of the component of the oscillating magnetic field perpendicular to the static magnetic field, and ω is its frequency (= 2π × 10 11 s −1 ), respectively [26] . As expected from Eq. (1), the observed ESR signal has a Lorentzian lineshape. We obtain an almost T -and N sindependent value of T 2 ≃ 10 ns as shown in Fig. 5(a) from the linewidth with an accuracy of 6 %. The weak T -dependence of the peak value of ∆P/P indicates that T 1 is nearly T -independent in the experimental range while it has an error of 30 % arising from that in ∂ρ/∂P [24] . The value of B 1 can be roughly estimated from its relationship B 1 ∼ E 1 n Si /c to the amplitude of the oscillating electric field E 1 , where n Si is the refractive index of silicon and c is the speed of light [27] . From electron cyclotron resonance absorption measurements made in a perpendicular static magnetic field, we obtain E 1 = 67 V/m for a millimeter-wave output power of 19 mW [23] . In Fig. 5(b) , T 1 estimated from Eq. (1) by putting B 1 = E 1 n Si /c (= 0.8 µT) is shown against N s [28] . The obtained values of T 1 (1 ∼ 3 ms) are five orders of magnitude longer than T 2 ≃ 10 ns, whereas both T 1 and T 2 were reported to be of the order of µs in previous studies on lower-mobility Si/SiGe samples in low magnetic fields (B ≃ 0.3 T) [6, 8, 9] . Spin relaxation in silicon 2DESs is considered to be dominated by the D'yakonov-Perel' mechanism [10] via the Rashba fields, whose direction depends on the electron momentum direction [11] . The spin relaxation rates in the in-plane magnetic field configuration are given by [25, 29] 1
where B R is the amplitude of the Rashba field, τ c is the correlation time of the field fluctuations, and ω L (= γB ) is the Larmor frequency. The factor 1/(1 + ω L 2 τ c 2 ) in Eq. (2) represents the suppression of the effect of the Rashba fields due to high-frequency spin precession. The ratio is expected to be
. This is consistent with the fact that large values of T 1 /T 2 are obtained in our high-mobility sample located in a high magnetic field. The results demonstrate a possible way to attain long T 1 , which is one of the crucial requirements for the semiconductor spintronics application [8, 9] .
It seems reasonable to assume that τ c is the same as the momentum scattering time τ m (= 11 − 44 ps) determined from ρ (= 1.05 − 0.10 kΩ at B = 3.55 T). However, ω L 2 τ m 2 (= 48 − 760) is much less than the observed T 1 /T 2 . The longitudinal spin relaxation rate (= T 1 −1 ) is related to the Fourier transform of the correlation function G(t) of the Rashba field [8, 25, 29] . A single exponential decay of G(t) ∝ exp(−|t|/τ c ) leads to the Fourier transform of
which appears in Eq. (2). This integral is very sensitive to the shape of G(t) particularly for ω L τ c ≫ 1 [30] . One of the important scattering mechanisms in the present Si/SiGe heterostructure sample is the Coulomb scattering by remote ionized dopants [12, 31] . It is unlikely that G(t) for scattering in long-range potential fluctuations can be described exactly by a simple expression with a single parameter. The deviation of G(t) from a single exponential may cause the discrepancy between T 1 /T 2 and ω L 2 τ c 2 . In the presence of high B ⊥ , the cyclotron motion of electrons is expected to cause averaging of the Rashba fields [8] , and Eqs. (2) and (3) should be modified. This effect can increase the spin relaxation times from the values at B ⊥ = 0. From the linewidths of the ESR signals shown in Fig. 1 , enhanced T 2 (= 110 ns) is actually obtained for ν = 2 (B ⊥ = 3.55 T) while T 2 = 13 ns for ν = 6 (B ⊥ = 1.06 T) is comparable to that in the in-plane magnetic field (B ⊥ = 0). Further studies are required for quantitative analysis at high B ⊥ .
In summary, we have investigated the resistivity change due to ESR absorption in a high-mobility silicon 2DES in a magnetic field of 3.55 T. Negative ∆ρ xx observed for a specific LL configuration clearly shows that ∆ρ xx is mainly caused by a reduction of P , not by the electron heating effect. In the in-plane magnetic field, negative ∆ρ was used for quantitative analysis. It is estimated that T 1 is of the order of 1 ms, which is five orders of magnitude longer than T 2 . This is explained by the suppression of the effect of the Rashba fields due to high-frequency spin precession.
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